RGS (regulator of G protein signaling) proteins of the R7 subfamily (RGS6, -7, -9, and -11) are highly expressed in neurons where they regulate many physiological processes. R7 RGS proteins contain several distinct domains and form obligatory dimers with the atypical G␤ subunit, G␤ 5 . They also interact with other proteins such as R7-binding protein, R9-anchoring protein, and the orphan receptors GPR158 and GPR179. These interactions facilitate plasma membrane targeting and stability of R7 proteins and modulate their activity. Here, we investigated RGS7 complexes using in situ chemical cross-linking. We found that in mouse brain and transfected cells cross-linking causes formation of distinct RGS7 complexes. One of the products had the apparent molecular mass of ϳ150 kDa on SDS-PAGE and did not contain G␤ 5 . Mass spectrometry analysis showed no other proteins to be present within the 150-kDa complex in the amount close to stoichiometric with RGS7. This finding suggested that RGS7 could form a homo-oligomer. Indeed, co-immunoprecipitation of differentially tagged RGS7 constructs, with or without chemical cross-linking, demonstrated RGS7 self-association. RGS7-RGS7 interaction required the DEP domain but not the RGS and DHEX domains or the G␤ 5 subunit. Using transfected cells and knock-out mice, we demonstrated that R7-binding protein had a strong inhibitory effect on homooligomerization of RGS7. In contrast, our data indicated that GPR158 could bind to the RGS7 homo-oligomer without causing its dissociation. Co-expression of constitutively active G␣ o prevented the RGS7-RGS7 interaction. These results reveal the existence of RGS protein homo-oligomers and show regulation of their assembly by R7 RGS-binding partners.
G protein-coupled receptors (GPCRs) 2 regulate many functions in eukaryotic cells by responding to chemically diverse molecules such as biogenic amines, lipids, and peptides. A large fraction of therapeutic drugs act through GPCRs. Although ligand-bound GPCRs directly interact with several proteins, the canonical signaling mechanism involves heterotrimeric (G␣␤␥) G proteins. The receptor promotes the exchange of GDP for GTP on the G␣ subunit and the subsequent dissociation of G␣-GTP from G␤␥. Both G␣-GTP and G␤␥ modulate the activity of effector enzymes or ion channels, thereby causing alterations in second messenger concentrations, which in turn generate cellular responses (1) (2) (3) .
GPCR signaling can be terminated by several mechanisms, one of which involves hydrolysis of the G␣-bound GTP and reassembly of the inactive G␣␤␥ trimer (1) . The intrinsic GTPase activity of the G␣ subunit is very slow, and for most G proteins it is accelerated by regulator of G protein signaling (RGS) proteins. The GTPase activating (GAP) function of RGS proteins is mediated by the characteristic ϳ120-amino acid domain ("RGS box") present in all members of the RGS family (4 -8) . The role of RGS proteins in the inactivation of GPCR signaling was demonstrated in numerous studies using mice lacking RGS proteins or harboring RGS-insensitive G␣ subunits (9 -13) . In addition to the RGS box, many RGS proteins contain domains that are not required for the GAP activity and often determine the subcellular localization of RGS proteins (14 -18) . On the basis of structural homology, the ϳ30 members of the RGS family are classified into six subfamilies (8, 19) .
RGS proteins that belong to the R7 subfamily include RGS6, RGS7, RGS9, and RGS11, which are highly expressed in neurons (20) and at much lower levels in glands and the heart (21) (22) (23) (24) . They have a common architecture and are characterized by the presence of four domains: RGS, GGL (G␥-like), DHEX (DEP helical extension), and DEP (disheveled, EGL10, pleckstrin) (25) . The C-terminally located RGS domain can act as a GAP for G i/o , but not for the G q family of G proteins (26 -30) . The R7 RGS proteins regulate sensory transduction and locomotion and reward behavior and other processes via inhibition of dopaminergic, serotonergic, GABAergic, and opioidergic signaling (31) (32) (33) . However, RGS7 can also regulate the G q -coupled M3 muscarinic receptor through a mechanism that is independent of the RGS domain (34 -37) . The centrally located GGL domain is responsible for direct interaction with the divergent G␤ subunit, G␤ 5 (27, 38, 39) . This obligatory interaction is necessary for stability of both proteins (40) . In G␤ 5 knock-out mice, expression of the entire R7 protein subfamily is abrogated (41) . Likewise, in mice lacking RGS9, G␤ 5 is not present in photoreceptors, or its expression is severely diminished in atrial cardiomyocytes of RGS6 knock-out mice (9, 24) . The N-terminal DEP and DHEX domains are essential for interaction of R7 proteins with R7-binding protein (R7BP) and R9-anchoring protein (R9AP), which serve as plasma membrane anchors (42) (43) (44) (45) (46) (47) (48) . The DEP/DHEX regions are also involved in the intramolecular interaction with G␤ 5 (25, 47, 49) and GPCRs, including two orphan receptors GPR158 and GPR179. These interactions also enhance the stability and activity of RGS7 (50, 51) .
In this study, we used in situ chemical cross-linking as a tool to study protein-protein interactions involving RGS7. Our results show that RGS7 can exist as a homo-oligomer. RGS7 self-association requires the DEP domain and is inhibited by R7BP or active G␣ o but not by GPR158. These findings provide a new insight into molecular organization of RGS7 signaling complexes.
Experimental Procedures
Mice and Expression Constructs-Generation and characterization of mice with targeted deletions in R7BP (52) , GPR158 (51) , and G␤ 5 genes have been described (41) . C57BL6 mice were used as wild-type controls. Animals of both sexes and at 3-4 months of age were used in these studies. All procedures involving mice were reviewed and approved by the IACUC committee at the University of Miami and Scripps Research Institute.
Full-length untagged RGS7, YFP-RGS7, and G␤ 5 were described earlier (49, 53) . Triple hemagglutinin (HA)-tagged human RGS7 was purchased from Missouri S&T cDNA Resource Center. Bovine RGS7 and R7BP were subcloned into pmCherry. Triple FLAG-tagged R7BP was a gift from Dr. Kendall Blumer (45) . Bovine G␤ 5 was PCR-amplified and cloned into pECFP-C1 vector at BglII and HindIII sites. RGS7 ⌬DEP (lacking amino acids 34 -135), RGS7 ⌬RGS , and RGS7 ⌬DEP/DHEX (lacking amino acids 1-248) were described earlier (49) . YFP-RGS7 ⌬RGS (amino acids 1-321) and YFP-DEP (amino acids 1-124) (34) , and YFP-DEP/DHEX (amino acids 1-248) were previously described (34, 49) . GPR158-Myc construct was described previously (50) . Wild-type human G␣ o , constitutively active G␣ o Q205L mutant, and M3 muscarinic receptor were purchased from Missouri S&T cDNA Resource Center.
Cell Culture and Transfection-HEK293T, COS-7, mouse neuroblastoma Neuro-2A (N2A), and rat pheochromocytoma PC-12 Adh cell lines were purchased from ATCC. DRG neurons were isolated and cultured as described previously (53) . HEK293T and COS-7 cells were cultured in DMEM with 4.5 g/liter D-glucose, 584 mg/liter L-glutamine and supplemented with 10% FBS and penicillin/streptomycin (100 units/ml penicillin and 100 g/ml streptomycin). N2A cells were cultured in Iscove's modified Dulbecco's medium ϩ GlutaMAX with 25 mM HEPES, 3.02 g/liter sodium carbonate and supplemented with 10% FBS and penicillin/streptomycin. PC-12 Adh cells were cultured in RPMI 1640 medium with 300 mg/liter glutamine and 25 mM HEPES and supplemented with 10% heat-inactivated horse serum, 5% FBS, and penicillin/streptomycin. Transfection of all cell lines was carried out using TransIT-LT1 reagent (Mirus) following the manufacturer's protocol. Typically, the cells were seeded either in 10-cm plates or 6-well plates for biochemical experiments and 24-or 12-well plates for microscopy. The ratio of RGS7 to G␤ 5 plasmid DNA concentration was 4:1, with a total 15 g of DNA per 10-cm plate. In experiments involving other proteins, the DNA ratios are mentioned in the figure legends.
Chemical Cross-linking-HEK293T cells were transfected with RGS7 constructs together with G␤ 5 and other RGS7-interacting proteins depending on the purpose of the experiment. Two days later, cells were washed two times with phosphatebuffered saline (PBS) and incubated with 1% paraformaldehyde (PFA) in PBS for 30 min. Under these conditions, despite formation of methylene bridges between amino groups, some protein complexes can remain soluble (54) . Alternatively, cells were treated with 2 M disuccinimidyl glutarate (DSG, Sigma) in PBS for 30 min. The reaction was terminated by aspiration of the PFA solution and addition of 0.125 M glycine in PBS. Cells were lysed as described below, and the lysates were subjected to either immunoblotting or immunoprecipitation.
Whole mouse brains were minced with a razor blade to obtain pieces of tissue of ϳ1 mm 3 . They were washed once with PBS and incubated with 1% PFA for 30 or 60 min. After addition of glycine to a final concentration of 0.125 M, the tissue slices were spun down and homogenized in RIPA buffer. Protein concentration was determined using the BCA method (Pierce), and the samples were then subjected to Western blot analysis. The results were identical if freshly dissected or frozen (Ϫ80°C) brains were used.
Immunoprecipitation and Western Blotting-After crosslinking, transfected cells were lysed in RIPA buffer (150 mM NaCl, 50 mM Tris-HCl, pH 7.8, 0.1% SDS, 1% Triton X-100, 0.5% deoxycholate, 1 mM EDTA, 1 mM DTT and protease inhibitors). For immunoprecipitation experiments that did not involve cross-linking, we excluded SDS and deoxycholate from the buffer (IP buffer: 150 mM NaCl, 50 mM Tris-HCl, pH 7.8, 1% Triton X-100, 1 mM EDTA, 1 mM DTT, and protease inhibitors). The cell lysates were centrifuged at 15,000 ϫ g for 15 min at 4°C. The collected supernatant was incubated with protein A/G beads for 2 h at 4°C and centrifuged again, and the precleared lysate was then incubated with immobilized antibodies for 2-3 h. Typically, the IP reaction contained 1 ml of lysate (1.5-2.0 mg/ml total protein) and 25 l of the packed resin. The beads were then washed five times with 1 ml of ice-cold IP buffer and then eluted with 60 l of SDS-PAGE loading buffer. In the cross-linking experiments, we did not heat up the samples above 25°C, as heating facilitates hydrolysis of the crosslinked bonds (54) . For immunoprecipitation, we used mouse monoclonal anti-FLAG M2 affinity gel (Sigma, A2220), mouse monoclonal anti-HA-agarose (Sigma, A2095), and GFP-trap (Chromotek, gtp-20).
For immunoblot analysis, proteins were resolved by SDS-PAGE, transferred to nitrocellulose membranes, and blocked prior to addition of the primary antibodies. To reveal immunoreactive bands, we used Odyssey (LiCOR, Inc.) infrared fluorescence detection system according to the manufacturer's instructions. Primary and secondary antibodies were diluted in the Odyssey blocking buffer supplemented with 0.1% Tween 20. The following primary antibodies were used (the source, catalogue number, and dilution used is shown in parentheses): rabbit affinity purified anti-RGS7 ((41), 1:1,000); rabbit affinitypurified anti-G␤ 5 ((55), 1:2,000); rabbit affinity-purified anti-R7BP ((56), 1:1,000); chicken anti-GFP (Abcam_ab13970, 1:5,000); mouse monoclonal anti-FLAG M2 (Sigma_F1804, 1:1,000); affinity-purified rabbit anti-FLAG (Sigma_F7425, 1:1,000); mouse monoclonal anti-HA (Sigma_H3663, 1:10,000); mouse monoclonal anti-mCherry (Abcam_1C51, 1:2,000); mouse monoclonal anti-Myc (Cell Signaling Technologies_ 2276, 1:1,000); mouse monoclonal anti-actin (EMD Millipore_MAB1501R, 1:2,000); and rabbit anti-G␣ o (Santa Cruz Biotechnology _SC-387, 1:1,000). Donkey antibodies against rabbit, mouse, or chicken conjugated to IRDye 680RD or IRDye 800CW (LiCOR) were used at 1:10,000 dilution as the secondary antibody.
Quantitative analysis of scanned blots was done using Odyssey version 1.2 software. Total fluorescence intensity within a protein band was determined by designating a rectangular region incorporating the band. An area of identical size was selected within the same lane as the background, and this value was subtracted from the fluorescence intensity of the band of interest. In the analyses of cross-linked and co-immunoprecipitated proteins, the values obtained for the bands of interest were normalized to the non-cross-linked protein or to the input, respectively. In all these experiments measurements were done in the linear range of the fluorescence signal, and care was taken to avoid saturation and to select appropriate regions representing the background.
Identification of Proteins by Mass Spectrometry (LC-MS/MS)-
The immunoprecipitated samples were resolved by SDS-PAGE and stained with silver, and the desired protein bands were excised. To determine the background, we analyzed gel slices from the areas with corresponding molecular weights from the control samples resolved on the same gel. As the control, we used material immunoprecipitated from untransfected HEK293T cells or from beads containing irrelevant antibody (normal IgG). No proteins apart from human keratin background were detected in the control samples.
Gel slices were destained, reduced, alkylated, and digested with trypsin (57) . The resulting peptides were extracted, reconstituted in 2% formic acid, and subjected to liquid chromatography and tandem mass spectrometry (LC-MS/MS) analysis (58) . LC MS/MS was performed with a Thermo Scientific LTQ Orbitrap Elite hybrid mass spectrometer equipped with an Ultimate nano-LC system and a C-18 column (Acclaim PepMap, 75 m ϫ 15 cm, 2 m, 100 Å). Five l of the tryptic peptide solution were injected and eluted from the column using an acetonitrile, 0.1% formic acid gradient at a flow rate of 0.3 l/min. The eluates were introduced into the source of the mass spectrometer on line. The microelectrospray ion source was oper-ated at 2.5 kV. The digest was analyzed using the data-dependent multitask capability of the instrument acquiring full scan mass spectra from 300 to 2,000 Da at a resolution of 60,000. These mass spectra were followed by collision-induced dissociation experiments on the eight most abundant ions in the mass spectra. These collision-induced dissociation spectra were performed with collision energy of 35%. The products were analyzed in the Ion Trap mass spectrometer. Protein identification utilized Proteome Discoverer 1.3 (Thermo), the Mascot search engine (Matrix Science, 2.4.1), and the human Uni-Prot/Swiss-Protein database version (SwissProt 2012, 20,309 total human sequences). Database searches were restricted to Յ3 missed tryptic cleavage sites, precursor ion mass tolerance at 50 ppm, fragment ion mass tolerance at 0.8 Da, and a false discovery rate at 1%. Fixed modification was S-carbamidomethyl Cys, and variable modifications included Met oxidation and Asn and Gln deamidation.
To measure the relative protein abundances, we used the following method. First, the numbers of peptide spectra (spectral counting) derived from each protein were extracted from MASCOT search results. The false discovery rate was set at 1%, and the individual peptide MASCOT score had to be above homology or identity score. Then the spectral counting number of each protein was normalized to its total amino acid length. The higher the ratio, the more abundant the protein in the given band.
Immunofluorescence Microscopy-In situ protein immunostaining and microscopy were performed essentially as described previously (53) . DRG neurons, N2A, and other cells were cultured on glass coverslips and fixed with 4% paraformaldehyde and 4% sucrose in PBS for 20 min at room temperature. After two washes with PBS, cells were permeabilized and blocked in 0.3% saponin or 0.1% Triton X-100 and 5% normal donkey serum in PBS for 60 min at room temperature. Coverslips were then incubated with primary antibodies for 60 min, and following several washes with PBS, with secondary antibodies. The primary antibody dilutions were as follows: 1:200 for affinity-purified rabbit anti-RGS7 (40), 1:400 for mouse monoclonal anti-FLAG (Sigma_F1408), or 1:400 for mouse monoclonal anti-Myc (Cell Signaling Technologies_2276). Secondary antibodies were Alexa 488-or Texas Red-conjugated donkey anti-rabbit (1:1,000) or anti-mouse (1:500), respectively. Coverslips were then washed with PBS five times and mounted on glass slides. Localization of YFP-and CFP-tagged proteins was analyzed by direct fluorescence as described previously (53) .
The images were either acquired on a Leica TC5 SP5 confocal microscope using a ϫ63 oil immersion objective or a widefield Nikon Eclipse TE2000 fluorescence microscope using a ϫ60 oil objective.
Statistical Analysis-All experiments were performed with at least three biological repeats. Data are expressed as means Ϯ S.D. for the indicated number of observations. For comparisons between two determined values, the unpaired two-tailed Student's t test was done. A difference with a p value of less than 0.05 was considered statistically significant.
Results

Subcellular Localization of RGS7 and Its Interaction with
R7BP and GPR158 -Consistent with our previous report (53), RGS7 immunoreactivity was detected not only at the plasma membrane but also in cytoplasmic granules in primary neurons ( Fig. 1A, left panel) . However, in the neuroblastoma cell line Neuro2a (N2a), endogenous RGS7 was not detected at the plasma membrane and localized only to the cytoplasm (Fig. 1A , right panel). Likewise, heterologous expression of YFP-RGS7 in CHO K1 (53), HEK293T, COS-7, PC-12 Adh, and N2A cells showed only diffuse cytoplasmic and punctate distribution (Fig.  1B) . The most plausible explanation for this localization is that unlike neurons these cell lines do not express the plasma membrane anchors of RGS7, R7BP, or GPR158/GPR179 (Fig. 1C ) (44 -46, 50, 53, 56) . Indeed, consistent with previously published studies (44 -46, 50, 56) , the G␤ 5 -RGS7 complex directly binds to R7BP and GPR158 (Fig. 2, A and B) and redistributes from the cytoplasmic puncta to the plasma membrane (Fig. 2 , C and D). These results suggest that association of the RGS7 complex with the cytoplasmic granules is weaker than with R7BP or GPR158.
Chemical Cross-linking and Immunoprecipitation of RGS7 Complexes-To stabilize the association of G␤ 5 -RGS7 with potential binding partners, we used covalent cross-linking ( Fig.  3 ). We treated HEK293T cells overexpressing G␤ 5 -RGS7 or mouse brain slices with a low concentration of formaldehyde (54) , and we analyzed the resulting cross-linked RGS7 products by Western blot. At concentrations of PFA over 1% and exposures longer than 1 h most of the immunoreactive proteins did not enter the 4% gel or produced a smear. Under our conditions, cross-linking resulted in formation of distinct bands with molecular masses higher than monomeric RGS7 or G␤ 5 . This result indicated formation of distinct protein complexes.
In HEK293T cells ( Fig. 3B ), the bands of ϳ120, 130, and 230 kDa were co-stained with the antibodies against G␤ 5 and RGS7. Interestingly, an ϳ150-kDa doublet positive for RGS7 (white arrowhead in Fig. 3C ) was not stained for G␤ 5 . We used two different antibodies, against the C or N terminus of G␤ 5 , but neither revealed reactivity in this band ( Fig. 3C and data not shown). Thus, the lack of G␤ 5 staining is unlikely due to masking the epitope by the chemical modification. Cross-linking with an alternative agent disuccinimidyl glutarate (DSG), which has a four carbon atom spacer "arm" and is also membranepermeable, resulted in the identical pattern of RGS7 products as with PFA ( Fig. 3D ). In all subsequent experiments we used PFA.
In the brain, cross-linking also resulted in formation of distinct high molecular mass RGS7 products (Fig. 3, E and F) . The overall pattern resembled that in HEK293T cells expressing G␤ 5 -RGS7 ( Fig. 3, B and C) . There was more smearing in the high molecular weight region of the gel compared with HEK293T cells, likely because of the higher complexity of the brain tissue. Nevertheless, bands in the 200 -300-kDa range containing both G␤ 5 and RGS7 were detectable in most experiments. We did not detect the 120-and 130-kDa complexes co-stained with RGS7 and G␤ 5 antibodies in the brain samples. Importantly, similarly to the transfected cells, brain samples always contained the G␤ 5 -negative ϳ150-kDa band (Fig. 3F ) revealed by the RGS7 antibody. To compare RGS7 products in the brain with those in HEK293T cells, we ran the two samples side-by-side on an 8% SDS-PAGE. As a control for a potential effect of the brain versus cultured cell sample composition on protein electrophoretic mobility, we also analyzed the mixture of the two samples (Fig. 3E) . The result clearly showed that the apparent molecular mass of the ϳ150-kDa product was indistinguishable from the lower band of the RGS7-positive doublet that occurs in transfected HEK293T cells.
R7 proteins always associate with G␤ 5 (40, 41) , and so its absence within the 150-kDa band was particularly intriguing. The fact that the molecular mass of the 150-kDa band in the brain and transfected cells was identical indicated that its composition was the same in both systems. We thus sought identification of RGS7-binding partners within this complex. The absence of endogenous R7BP or GPR158 in HEK293T cells allowed us to isolate RGS7 localized in the cytoplasm. In addition, we exploited technical advantages such as affinity tags to facilitate immunoprecipitation, mass spectrometry, and structure-function analysis.
Analysis of the 150-kDa RGS7 Complex by Protein Mass
Spectrometry-The material immunoprecipitated from HEK293T cells co-expressing FLAG-RGS7 and G␤ 5 was resolved by SDS-PAGE (Fig. 3G) . The 150-kDa band was visualized by silver staining, excised, and digested with trypsin, and the recovered peptides were analyzed by mass spectrometry (Table 1 ). According to our analysis, about 55% of the detected peptides corresponded to RGS7, and 20% were from G␤ 5 . In addition, mass spectrometry identified peptides from tubulin, 14-3-3 proteins, SEC23/24C, clathrin heavy chain 1, septin7, septin11, and other proteins. These peptides were absent in the ϳ150-kDa gel slice obtained in the control IP experiment using mock-transfected HEK293T cells. However, the abundance of these proteins was at least 10-fold lower than that of RGS7 (Table 1 ). Furthermore, subsequent Western blot analysis did not detect these proteins in the 150-kDa band (data not shown). . R7BP or GPR158 cause redistribution of RGS7 from cytoplasmic granules to plasma membrane. HEK293T cells were co-transfected with tagged RGS7 and G␤ 5 , with or without FLAG-R7BP (A and B) or GPR158-Myc (A and C) plasmids. A, YFP-RGS7 was immunoprecipitated from the cell lysate, and the eluates were probed for RGS7, G␤ 5 , and R7BP. B, immunoprecipitated YFP-RGS7 complex was probed for RGS7, G␤ 5 , and GPR158. C, cells expressing YFP-RGS7 and G␤ 5 (top row), or these proteins together with FLAG-R7BP (middle row), or GPR158-Myc (bottom row) were analyzed by confocal microscopy. YFP-RGS7 was detected by epifluorescence, and R7BP or GPR158 were detected using antibodies against FLAG or Myc tag, respectively. D, quantification of the result in C. Regions of interest corresponding to plasma membrane (cell periphery) and cytosol were selected within a cell. Fluorescence intensities within these regions were measured using Leica LAS AF Lite image analysis software. The data show the means Ϯ S.D. of the plasma membrane to cytosol ratio of the YFP-RGS7 fluorescence. ***, p Ͻ0.001. For every condition, we analyzed 20 -25 cells in each of three independent transfection experiments. The ratio of 1:1 in the absence of R7BP and GPR158 represents the fluorescence distribution for cytosol-localized proteins. Right lane, lysate from cells treated with PFA. C, immunoblot analysis of lysates from cells expressing FLAG-RGS7 and G␤ 5 probed with antibodies against FLAG (green) and G␤ 5 (red). Black arrows indicate the cross-linked complexes containing both RGS7 and G␤ 5 . White arrowhead at ϳ150-kDa denotes an RGS7 complex that does not contain G␤ 5 . D, HEK293T cells were transfected with FLAG-RGS7 and G␤ 5 and cross-linked with either PFA or DSG. The resulting products were analyzed by Western blot to compare the patterns of cross-linked proteins using antibodies against FLAG (green) and G␤ 5 (red). E, cross-linking of endogenous RGS7 in mouse brain was done using PFA as described under "Experimental Procedures." To compare the apparent molecular weight of the cross-linked RGS7 products from brain and transfected HEK293T cells, the samples were resolved on 8% gel. The arrowhead points to the band that is identical in electrophoretic mobility. When the two samples were mixed (mix), the intensity of this band increased. F, mouse brain slices were treated with PFA for 30 or 60 min. The proteins were resolved on a 10% gel and analyzed by Western blot using anti-RGS7 and anti-G␤ 5 antibodies. Because both primary antibodies were from rabbit, we used the following method. First, the immunoblot was stained using anti-RGS7 antibodies and scanned using the Odyssey instrument (green). The filter was then stripped and probed with anti-G␤ 5 antibodies (red). The two images were merged to compare the exact position of RGS7 and G␤ 5 -positive bands. Red arrowhead denotes the protein cross-linking product that contains both RGS7 and G␤ 5 . Green arrowhead points to the 150-kDa RGS7 complex. Black arrowhead shows a nonspecific band revealed by the RGS7 antibody in the brain extracts. G, immunoprecipitation of the cross-linked RGS7 complexes from transfected HEK293T cells using anti-FLAG antibody. The eluates from the beads were analyzed by immunoblot and by mass spectrometry (see text and Table 1 ). Left lane, lysates from untransfected cells were used as a negative control. Shown are representative immunoblots from three (D, E, and F) or more than five (B, C, and G) independent experiments.
The shift in the apparent molecular mass of RGS7 from 55 to ϳ150 kDa on SDS-PAGE can only occur upon stoichiometric covalent attachment to another protein(s). Therefore, we hypothesized that RGS7 within the 150-kDa band was bound to itself, i.e. formed a homo-oligomer.
Co-immunoprecipitation Confirms RGS7 Homo-oligomerization-To test this hypothesis, we performed a series of immunoprecipitation experiments with RGS7 fused to different tags (FLAG, HA, Myc, YFP, and mCherry). Unless specified otherwise, G␤ 5 was co-expressed with the RGS7 constructs. Fig. 4A shows that after co-transfection of HA-tagged RGS7 and FLAG-RGS7, anti-FLAG antibodies can pull down the HAtagged RGS7 along with FLAG-RGS7 and G␤ 5 . Quantitative assessment showed that anti-FLAG beads could absorb Ͼ90% of FLAG-RGS7, ϳ50% of G␤ 5 , and ϳ15% of HA-RGS7. In the reciprocal co-immunoprecipitation using anti-HA antibody, we pulled down FLAG-RGS7 (Fig. 4B) . Similar results were obtained with RGS7 tagged with Myc or fluorescent proteins and in different cell lines, including N2A cells ( Fig. 4C and data not shown).
Importantly, we found that RGS7-RGS7 co-immunoprecipitation occurred even without chemical cross-linking (Figs. 4 -9) . This suggested that RGS7 homo-oligomers were rather stable. When we expressed HA-RGS7 and FLAG-RGS7 separately and then mixed cell lysates, no interaction was detected (Fig. 4D ). This also indicates that once the oligomeric RGS complex is formed, it remains stable, at least under our experimental conditions.
Role of G␤ 5 and Domains of RGS7 in Its Localization and
Oligomerization-RGS7 quickly degrades in the absence of G␤ 5 (40) , but fusion of RGS7 to fluorescent proteins significantly increases its expression level ( Fig. 5A) (59) . We exploited this phenomenon to test whether the G␤ 5 subunit is essential for RGS7 localization and/or oligomerization. As expected, YFP-RGS7 and CFP-G␤ 5 co-localized to the same granules (Fig. 5B , left column). However, even in the absence of G␤ 5 YFP-RGS7 showed granular localization (Fig. 5B, right column) . Furthermore, G␤ 5 was not necessary for co-precipitation of mCherry-RGS7 with YFP-RGS7 ( Fig. 5C ). Thus, although G␤ 5 is essential for RGS7 stability, it does not play a direct role in RGS7 oligomerization or granular localization.
The N terminus of RGS7 encompassing both DEP and DHEX domains is required for granular localization in CHO K1 (53), HEK293T (data not shown), and N2A cells (Fig. 6B ). Our co-IP assay showed that deletion of the RGS domain or both RGS and GGL domains did not prevent interaction of the RGS7 N terminus with full-length RGS7. Further analysis using YFP-DEP and YFP-DHEX constructs showed that the DEP domain was sufficient for the interaction with full-length RGS7, whereas the DHEX domain alone did not co-precipitate with full-length RGS7 (Fig. 6C) .
Effects of R7BP and GPR158 on RGS7 Oligomerization-R7BP anchors R7 proteins to the plasma membrane via the DEP/DHEX domains (Fig. 2, C and D) (44, 45, 47) . To test whether R7BP influences RGS7 oligomerization, we studied the effects of R7BP co-expression in HEK293T cells and its deletion in mouse brain on RGS7 cross-linking (Fig. 7) . In HEK293T   TABLE 1 Quantitative representation of the peptides detected by LC-MS/MS analysis of the 150-kDa band (Fig. 3, C and D cells, co-transfection of R7BP resulted in the disappearance of the cross-linked 150-kDa band (Fig. 7, A and B) . Instead, RGS7 formed a 110-kDa band that also stained positive for R7BP ( Fig.  7A, yellow arrowhead) , indicating covalent attachment of R7BP to RGS7. Likewise, there was a shift of the 230-kDa band to a smaller complex of ϳ200 kDa that also contained R7BP. Analysis of RGS7 deletion mutants showed that the DEP domain was required for the conjugation of R7BP with RGS7 (Fig. 7C ).
In the mouse brain, the knock-out of Rgs7bp7 gene resulted in a 1.8 -2-fold increase in the formation of the 150-kDa RGS7 complex (Fig. 7, D and E) . Accordingly, PFA treatment resulted in formation of ϳ110 and 200-kDa bands revealed by R7BP antibody. The patterns of these cross-linked products in transfected cells (Fig. 7, A and C) and in mouse brain (Fig. 7F) were similar. In our co-immunoprecipitation assay, R7BP caused a 75 Ϯ 12% decrease in RGS7-RGS7 interaction (Fig. 7, G and H) . GPR158 is another known binding partner of RGS7 (50, 51), which like R7BP causes RGS7 redistribution to the plasma membrane (Fig. 2, C and D) (44, 45, 50, 56) . We tested the effect of GPR158 on oligomerization of RGS7 (Fig. 8) . GPR158 had no effect on the overall cross-linking pattern and the intensity of the 150-and 230-kDa cross-linked products in transfected cells (Fig. 8, A and B) . Likewise, the knock-out of GPR158 had no significant effect on cross-linking of endogenous RGS7 in mouse brain (Fig. 8, D and E) . We also found that GPR158 itself formed large cross-linked complexes that could not be resolved by SDS-PAGE (Fig. 8, C and F) . We tested the effect of GPR158 on RGS7-RGS7 co-immunoprecipitation (Fig. 8, G and H) . In contrast to R7BP, there was an increase in RGS7-RGS7 interaction from cells expressing GPR158, with a high variability between experiments. Thus, although both GPR158 and R7BP can recruit RGS7 to the plasma membranes, only R7BP can prevent RGS7-RGS7 interaction.
We also tested two other reported binding partners of the RGS7 DEP domain, muscarinic M3 receptor (34 -37) , and snapin (60), but we found that co-transfection of either protein had no effect on subcellular localization or oligomerization of RGS7 (data not shown).
Constitutively Active G␣ o Inhibits RGS7 Oligomerization-G␣ o is the preferred substrate for RGS7 (28 -30) , and both wildtype and a GTPase-deficient mutant of G␣ o caused redistribution of RGS7 to the plasma membrane (61) . To investigate the effect of G␣ o on RGS7 oligomerization, we co-expressed the wild-type or constitutively active G␣ o together with FLAG-and YFP-tagged RGS7 constructs. Cross-linking experiments showed a reduction of the intensity of the 150-and 230-kDa RGS7 bands in the presence of constitutively active but not wild-type G␣ o (Fig. 9, A and B) . In contrast, the 120-and 130-kDa RGS7 bands remained unchanged. As determined by co-IP ( Fig. 9, C and D) , co-expression of constitutively active G␣ o FIGURE 4. Homo-oligomerization of RGS7. A, HEK293T cells were co-transfected with HA-RGS7 and G␤ 5 , FLAG-RGS7 and G␤ 5 , or all the three constructs. Cell lysates were subjected to IP using anti-FLAG antibody, as described under "Experimental Procedures." The eluates from the resin were analyzed using anti-FLAG, HA, and G␤ 5 antibodies. B, reciprocal IP using anti-HA beads. Cell transfection and lysis were done as in A; immunoprecipitation was performed using anti-HA antibodies, and the bound material was probed for the presence of FLAG-tagged RGS7. C, mCherry-RGS7 was co-immunoprecipitated with YFP-RGS7 from N2A cell lysates. The experiment was performed essentially as in A or B. D, two separate cell cultures were transfected with either FLAG-RGS7/G␤ 5 or HA-RGS7/G␤ 5 , harvested, and lysed. The two lysates were mixed (mix) prior to co-IP with immobilized anti-FLAG antibody. In parallel, FLAG-RGS7, HA-RGS7, and G␤ 5 plasmids were co-transfected (co-trans), and cell lysates were analyzed by co-IP and immunoblot. caused a 67 Ϯ 9% (n ϭ 3, p value ϭ 0.006) decrease in RGS7-RGS7 interaction. There was no statistical difference between the pcDNA control and wild-type G␣ o . These results show that G␣ o can prevent RGS7 oligomerization in an activity-dependent manner.
Discussion
The biological function of numerous proteins, including receptors, ion channels, structural proteins, and enzymes, depends on their oligomerization. This process has been demonstrated to affect enzymatic activities, proteolytic stability, subcellular localization, and numerous other functions (62) (63) (64) . For example, oligomerization was demonstrated for many GPCRs. Although oligomerization may not be essential for the ability of GPCRs to activate G proteins (65) (66) (67) , its role in receptor trafficking and stability, regulation of ligand affinity, and interaction with intracellular signaling molecules is well documented (68 -70) . Di-and tetramerization of arrestins was linked with their subcellular localization and functions (71) . G proteins themselves and RGS proteins generally have not been reported to homo-oligomerize. We found only one earlier report on dimerization of an RGS protein, where the authors noticed an abnormal electrophoretic mobility of recombinant RGS5 and confirmed it by testing RGS5-RGS5 interaction in a yeast two-hybrid system (72) . In the current study, we identified and characterized homo-oligomerization of RGS7.
We discovered oligomerization of RGS7 in the course of our experiments originally aimed at identification of its novel binding partners in cytoplasmic granules. Our approach relied on chemical cross-linking to stabilize the putative complexes. The resulting protein bands were sharp, which was a strong indication of the selectivity of RGS7 conjugation to other proteins. We became particularly interested in the 150-kDa complex because it did not contain G␤ 5 , the obligatory binding partner of RGS7. The 150-kDa band reproducibly appeared in both native tissue and transfected cells, and its formation was similarly affected by R7BP ( Fig. 3) . Therefore, we continued our investigation of this complex utilizing the advantages offered by heterologous expression of RGS7 in HEK293T cells. Evidence from these experiments led us to the idea that RGS7 could homo-oligomerize. We confirmed this hypothesis by co-immunoprecipitation of two differentially tagged RGS7 constructs. Within this experimental paradigm, we performed all conceiv-FIGURE 5. G␤ 5 is required for stability but not for homo-oligomerization of RGS7. A, HEK293T cells expressing FLAG-, YFP-, or mCherry-tagged RGS7 with or without G␤ 5 were lysed and analyzed by Western blot using antibodies against RGS7, G␤ 5 , and actin. The white arrow shows FLAG-RGS7 expressed in the absence of G␤ 5 . B, cells on coverslips were transfected with YFP-RGS7 with or without CFP-G␤ 5 , then fixed, and YFP and CFP direct fluorescence was detected using a confocal microscope (ϫ63 objective lens). C, lysates from cells expressing YFP-RGS7 and mCherry-RGS7 with or without G␤ 5 were subjected to immunoprecipitation using immobilized YFP antibody. The eluates were analyzed by Western blot using YFP, G␤ 5 , and mCherry antibodies. The black arrow points to the co-immunoprecipitated mCherry-RGS7. able controls, including reciprocal IP with alternative tags. We also showed that RGS7-RGS7 interaction occurs within live cells but not after cell lysis (Fig. 4D) . The 150-kDa molecular mass of the chemically cross-linked RGS7 product may suggest that this complex contains three 55-kDa RGS7 subunits. However, cross-linking could cause abnormal mobility of the products on SDS-PAGE; therefore, it may be premature to conclude that it is a trimer. It is unlikely that a protein(s) other than RGS7 is present within the 150-kDa band, because the amounts of all additional peptides revealed by proteomic analysis were present in sub-stoichiometric amounts relative to RGS7 (Table 1) .
At the same time, we certainly do not rule out non-covalent binding of the RGS7 homo-oligomer to other proteins, e.g. G␤ 5 .
We also observed several cross-linked complexes that contained both RGS7 and G␤ 5 . At the moment, their origin and composition are unclear. It seems unlikely that each of the detected species represents a distinct complex present in situ. Rather, we propose that cells contain an oligomeric form, for example (G␤ 5 -RGS7) 3 . Trapping all the subunits within such a complex would require a high yield of the cross-linking reaction, i.e. increasing time of exposure or concentration of the agent. This inevitably results in non-selective tethering of cellular proteins (smear on the gel). Indeed, upon increasing concentration or time with either PFA or DSG, we generated more non-resolvable products without increasing the yield of the distinct RGS7 products ( Fig. 3 and data not shown). Our conditions represent a compromise between non-selective aggregation and incomplete reaction to form pertinent bonds within native RGS7 complexes. Therefore, we theorize that the covalently linked products revealed in our experiments may represent fragments of the larger complex. For example, the 120-kDa band may correspond to G␤ 5 -RGS7 2 and the 230-kDa band to G␤ 5, 2 -RGS7 3 ; both products may originate from the larger (G␤ 5 -RGS7) 3 homo-trimer present in situ. Because crosslinked products run abnormally on SDS-PAGE, we cannot determine their subunit composition solely on the basis of their molecular weights. It is also possible that other proteins are attached to the G␤ 5 -RGS7 adducts, like R7BP present in the 110-and 200-kDa products (Fig. 7A) . What seems certain from our results is that RGS7 covalently attaches to another RGS7 and/or to G␤ 5 with a much higher probability than to a random protein.
Together with our co-IP data, this is a strong argument in favor of RGS7-RGS7 association within cells. Better understanding of the molecular organization and function of these complexes requires additional studies. Here, we started this investigation by asking which structural elements and known binding partners are necessary for oligomerization of RGS7.
R7 proteins have never been found in the absence of G␤ 5 in native tissues because they are extremely unstable without G␤ 5 (41) . Therefore, it is very unlikely that oligomeric RGS7 can exist without G␤ 5 in vivo. However, fusing RGS7 to YFP protects it from degradation in vitro. We found that YFP-RGS7 can localize to cytoplasmic granules ( Fig. 5B) and that RGS7-RGS7 co-IP still occurred in the absence of G␤ 5 (Fig. 5C ), indicating that G␤ 5 is not required for RGS7 oligomerization. In other words, it appears that if RGS7 were stable to proteolysis, it could oligomerize in the absence of G␤ 5 .
Through analysis of deletion mutants, we showed that the DEP domain of RGS7, but not the DHEX, GGL, or RGS domains, was essential for oligomerization ( Fig. 6C) . In addition, consistent with previous work (53) we found the DEP domain to be essential for localization of G␤ 5 -RGS7 in the cytoplasmic granules. The involvement of the DEP domain in both localization and oligomerization (Fig. 6) suggests that there might be a cause-and-effect relationship between RGS7 oligomerization and its subcellular localization.
Both R7BP and GPR158 can target RGS7 to the plasma membrane (Fig. 2, C and D) (45, 50, 51) . However, we found that they had opposite effects on RGS7-RGS7 co-immunoprecipitation. In contrast to R7BP (Fig. 7) , GPR158 did not prevent formation of FIGURE 6. DEP domain is essential for oligomerization of RGS7. A, RGS7 constructs used in the study. B, N2A cells were transfected with plasmids encoding G␤ 5 and the indicated YFP-tagged deletion mutants of RGS7. After 24 h, cells were fixed, and YFP epifluorescence was detected by confocal microscopy. C, HEK293T cells expressing FLAG-RGS7, G␤ 5 together with YFP, or the indicated YFP-tagged RGS7 mutants were lysed, and the lysates were subjected to immunoprecipitation using anti-FLAG antibody. The eluates from the beads were analyzed by immunoblot using anti-GFP and anti-FLAG antibodies. WB, Western blot. FIGURE 7. R7BP causes dissociation of RGS7 homo-oligomer. A, HEK293T cells expressing RGS7 and G␤ 5 , with or without FLAG-R7BP, were subjected to crosslinking as described in the legend to Fig. 3 . The lysates were analyzed by immunoblot using a combination of anti-FLAG (green) and RGS7 (red) antibodies. Red arrowheads denote the 150-kDa and 230 RGS7 complexes. Note that in the presence of R7BP these bands disappear. Instead, there are two new bands of ϳ110 and ϳ200 kDa (yellow arrowheads) revealed with both anti-RGS7 and anti-FLAG antibodies. B, quantification of the 150-kDa band intensity in A. Blots were scanned and analyzed as described under "Experimental Procedures." The fluorescence intensity determined for the 150-kDa band was normalized to the RGS7 band in the non-cross-linked control sample. The value obtained for 150-kDa band without R7BP (pcDNA) was set to the arbitrary unit of 1.0. Data show means Ϯ S.D. from four independent transfection experiments. ***, p Ͻ0.001. C, cells were transfected with FLAG-R7BP and G␤ 5 together with or without (none) full-length RGS7 or its deletion mutants. They were subjected to cross-linking with PFA, and the lysates were analyzed by immunoblot using anti-FLAG antibody to detect R7BP. WB, Western blot. D, cross-linking of endogenous RGS7 in the brain tissue from wild-type (WT) and R7BP knock-out (R7BP Ϫ/Ϫ ) mice. Cross-linking with PFA was performed for 30 or 60 min as described under "Experimental Procedures" and the legend to Fig. 3E ; shown is a representative immunoblot probed with anti-RGS7 antibody. E, quantification of data represented in D. The intensity of the 150-kDa band (black arrow) was normalized to the non-cross-linked RGS7, and the resulting value for WT mouse was set to 1.0. The data show the means Ϯ S.D. from four independent experiments performed with the tissues from three individual WT (open bars) and three R7BP Ϫ/Ϫ (black bars) animals. *, p Ͻ0.05. The knock-out of R7BP resulted in a 1.8 -2.0-fold increase in the 150-kDa band. F, pattern of cross-linked endogenous R7BP revealed by anti-R7BP antibody. G, HEK293T cells were co-transfected with HA-RGS7, YFP-RGS7, and G␤ 5 , with or without FLAG-R7BP. Cell lysates were immunoprecipitated with anti-HA antibody. The inputs and eluates from IP were probed with the indicated antibodies. The black arrow pointing to YFP-RGS7 highlights the reduction of the interaction between HA-RGS7 and YFP-RGS7 in the presence of R7BP. The RGS7, G␤ 5 , and R7BP plasmids used for transfection were added in the ratio of 4:1:5, respectively. H, quantification of the data shown in G. YFP-RGS7 band intensity in co-IP eluate was normalized to the intensity of the HA-RGS7 band. The results are expressed as means Ϯ S.D. (n ϭ 4, **, p Ͻ0.01).
G␣ o is the preferred substrate for RGS7 (28 -30) . The interaction of RGS7 with G␣ o presumably occurs at the plasma membrane, and constitutively active G␣ o was shown to cause redistribution of RGS7 to the periphery of HEK293T cells (61) . In the presence of the constitutively active G␣ o Q205L mutant, but not WT G␣ o , RGS7-RGS7 co-immunoprecipitation was decreased ( Fig. 9, C and D) . Although G␤ 5 is an obligatory subunit of R7 proteins, interaction of G␣ subunits with RGS proteins is dependent on the G␣ o -GDP/G␣ o -GTP state. It is therefore possible that the oligomeric state of the G␤ 5 -RGS7 complex could be regulated by upstream signal transduction events.
In summary, our study presents original experimental evidence that an R7 family RGS protein can form a homo-oligomer. Formation of this complex is mediated by its DEP domain and does not require G␤ 5 . Interaction with R7BP or activated G␣ o reduces RGS7-RGS7 association. Future studies will explore the importance of oligomerization in signaling and other functions of this RGS protein.
